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N_trac¢ YBa_C_OT_6thin filmswere formedon NdGaO3substratesby laser
ablation. Cdtlcaltemperaturesgreaterthan 89 K and criticalcurrentdensities
e_ceeding 2 x 10e Acm-2 at 77 Kwem obtained. The microwaveperformance
of films patternedinto microstdpdng resonatorswithgold groundp_nes was
measured. An unloadedqualityfactorsixtimes largerthan a that of a gold
resonatorof identicalgeometrywas achleved. The unloadedquardyfactor
decreased below70 K for boththe superconductingend gold reson_ors due to
IncreaslngclelectdclOSSesInthe subslrale.The temperaturedependenceofthe
losstangentof NdGaO=was e0aractedfrom themeasurements.

1. Introduction

A major area of interest for application of high-
temperature superconductors is microwave elecu_nics.
The characterization of these materials at microwave"

frequencies is important for understanding their poten-
tial for practical use. S_ontium titanate (SrTiO3), a
cubic perwoskite, has been used as a substrate for the
formation of a thin film of high-temperature supercon-
ductor [1] and films on SrTiO3 have among the best DC
properties. However, its large dielectric constant and
loss tangent make it unsuitable for microwave applica-
tions.

Lanthanum aluminate (LaAIO3), which has a sim-
Uar structure to SrTiO3, has been widely used as
the substrate for microwave applications of thin film
YBa2Cu3OT_ 6 (YBCO). This substrate has a lattice mis-
match with YBCO of less than one per cenL LaA]O3
has a loss tangent of less than 10-4 at 10 GI-tz [2]
and a dielectric constant of 24.5 [3] below the critical
temperature (To) of YBCO. However, LaAIO3 has a
second-order phase transition around 500°C [4]. This
causes the substrate to have a high density of twinning
and may have a detrimental effect on the microwave-
performance of the YBCO films.

A search for crystals with similar lattice dimensions
reveals that neodymium gallate (NdGaO3) is a promis-
ing substrate [4, 5]. NdGaO3 is a perovskite which has
about 0.8% lattice mismatch with the YBCO supercon-
ductor. Fhrthermore, the dielectric constant of NdGaO3

is comparable to that of LaAIO3, and this cxystal is twin
free [6, 7]. "me crystal has a second-order phase transi-
tion at 950+C which is higher than the typical process-
ing temperature of/n _'u annealed high-temperature
superconductors.

Recently, there have been reports on the growth
of epitaxial YBCO films on NdGaO3 [8, 9,10]. The
microwave properties of YBCO superconducting films
deposited on NdGaO3 have been measured by other
researchers [11]. However, to our knowledge, no mea-
surements on resonators fabricated using the YBCO
film on NdOaO3 have been reported at frequencies
higher than 5 GHz or as a function of temperature.

In this report, YBCO superconducting thin films
were deposited on (001) NdGaO3 and patterned into
ring resonators. The advantage of a ring resonator over
a linear resonator is that the ring resonator does not
have radiation lossesfrom an open end. The reflection
coefflcient_ of the resonator were measured as a func-

tion of temperature. The unloaded quality factors at
10 GHz were calcuiated and the effective surface resis-
tance was =tracted fTom the ioaded q-factors. _rther,
the loss tangent of NdGaO3 was determined as a func-
tion of temperature.

2. Sample preparation

A two-inch (5.1 nm) diameter, 20 mils (0.51 nun) thick,
(001) NdGa03 substrate, polished on both sides, was
cut into typical sizes of 1 cmx I_cm and 0.8 am by 0.4
cm for microwave and pc transport characterization,
respectively. YBCO thin films were deposited on to
the substrates by laser ablation. Prior to deposition of
the films, the substrates were cleaned in acetone and
methanol with ultrasonic agitation for 5 minutes each
They were then rinsed in deionized water (D]) for 5
minutes followed by 1 minute in DI:HCi (10:1). Lastly,
the substrates were rinsed in DI water for 5 minutes and

blown dry with filtered nitrogen.
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AblationwasperformedwithaKrFexcimerlaser.
The248nmilluminationwasfocusedto a typical spot
size of 7mm x 3mm on a one inch diameter, 95%
dense YBCO target The energy density at the target
was 0.8 Jcm -2. The laser beam was incident at 45°.

The target was rotated at 7 rpm and the laser spot was
scanned from the centre to the edge of the target with
a period of 65 s. The subswate was mounted with sil-
ver paste on a three inch diameter heater located 6cm
away from the target. Depositions were performed with
a laser pulse rate of two per second After the sam-
ple was loaded, the vacuum chamber was evacuated to
5 x 10-7 Tort while the substrate was heated to the

deposition temperature, which was controlled through
a thermocouple embedded in the heater. Oxygen was
introduced to the chamber to a pressure of 170mTorr
during deposition The duration of the depositions was
typically one hour. After the deposition, the tempera-
ture of the heater was ramped down to 45(PC at a rate
of 20C min- 1while the oxygen pressure was increased to
1ann. The substrates were held at this temperature for
2honrs and then ramped down at a rate of 2°Cmin -1.

Following the deposition of the films, their resis-
tance was measured as a function of temperature. This
measurement was done in a dosed cycle cryostat us-
ing a four-probe method. One micron diameter gold
wires were ultrasonically bonded directly to the surface
of the superconductor for these measurements. A con-
stant current of 0.1 mA was passed through the two
outer leads while the voltage across the inner two leads
was measured.

For measurement of the critical current density (J¢),
the films were patterned into a 10/_m and 5/Jm wide,
2.77 mm long meander test structure. Positive pho-
tolithography was used to form the structure on the su-
perconductor films using Shipley 1400-31 positive pho-
toresist. The YBCO films were etched in DI:H3PO4
0_I).

Lift-off photolithography was employed to form
metal contacts on the superconductor. Patterns were
formed with Shipley AZ1400-37 photoresist. A 15
minute soak in chlorobenzene prior to development was
used to form a reentrant photoresist profile for the lift-
off. After deposition of 0.7/zm of _ver and 0.3/zm of
gold, a 15 minute soak in N-methyl-2-pyrrofidone was
used to swell the photoresist. The lift-off of the excess
metal was completed by soaking the samples in warm
acetone for 10 minutes. 1 _m diameter gold wire was
bonded to the metal contacts for electrical connections.

The resistance versus temperature of the patterned test
structure was measured using 1 _A of current. Below
the critical temperature (T¢), the critical current was
measured by increasing the amount of the current to
the sample until the measured voltage c_cecded the
1 _ V cm- t criteria.

YBCO films on 1cmx 1cm substrates were pat-
tel'ned into ring resonatorsby standard photolitho-
graphic steps as described above. The geometry of
the resonator is shown in figure 1. The dimensions
were: width of the micrmtrip (w) = 99 _,m, gap size

r=(r,+r_)/2

Q.
/D

Figure 1. Layoutof the microstdpring resonator.
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Figure 2. FleslsteJ3ceas a function of temperatureof
sample E

Ca) = 27 _m, substratethickness (h) = 508 _,m.
and averageradius= Z45mm. Ithad a character-

isticimpedance of 50 ftand a fundamentalresonant
frequency of 5 GHz. Microwave measurements were
performed at the first harmonic. The ground plane
consisted of a 2.5 _m thick layer of gold on the back
of the substrate. A resonator was also fabricated using
2.8 tim thick gold wansmission lines for comparison.

& Rmmlts

YBCO filmswere deposited on m seven NdCraO3 sub-

strafesatfivedifferentsubstratetemperatures.X-ray

diffractionspectroscopyshowed thefilmstobe epitaxial
withthe c axisperpendiculartothesurfaceofthesub-

st_rate.2hbleI liststhe depositiontemperatures,film
thicknesses,criticaltemperaturesbeforeand aRer pat-

terning,and criticalcurrentdensitiesat77K. Samples
A toE were patternedforcriticalcurrentdensitymea-

surements.The criticalcurrentdensitiesof samplesF
and O were not measured sincetheywere patterned

into ring resonators. Figure 2 shows the resistanceasa
functionof temperatureforsampleF afterpattcrning.

The criticaltemperatureofthisfilmwas 89.7K and the
transitionwidthwas 1K.

From table1 itcan be seen thatthe criticaltem-

peratureafterpatterningisusuallyslightlyhigherthan
thatbeforepattcrnin& This isprobablya resultof

non-uniformityinthefilmand thelocationofthemea-

surement.Priorto patterning,the measurementswere
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Table 1. Depositiontemperatureand oc propertiesof YBCO films.

Sample Td CC) T= {1<)before T= (K) after t (_m) Jox 104 (Acm_)

A 715 87.1 88.3 0.37 1.50
B 735 87.9 88.5 0.26 0.22
C 745 88.0 89.1 0.35 2.25
D 755 87.4 86.6 0.38 0.45
E 785 -- 87.5 0.24 0.44
F 785 88.6 89.7 0.30 reson=or
G 785 87.8 87.3 0.38 resonator

performed by wire bonding directly to the films with the
contacts located near the edge of the sample to prevent
mechanical damage in the centre. The patterned test
structures, on the other hand, were located near the
centre of the samples suggesting that the quality of the
films was higher near the centres than at the edges.
Sample D was unintentionally over etched. Its cddcal
temperature showed a decrease after patterning.

If the samples are ranked according to critical tem-
perature after patterning it can be seen that, with the
exception of sample B, higher critical current densities
correspond to higher aritical temperatures. Sample B,
which bad a relatively high critical temperature, also
had the lowest critical current density. Inspection of
this sample with an optical microscope revealed a large
particle in the 10 #m wide YBCO line used for the
critical current density measurement. This probably ac-
counts for the anomalously low 3¢.

The scattering parameters of the ring resonators
fabricated on samples F and G were measured as a
function of temperature. The magnitude of Ssl is plot-
ted as a function of frequency for sample O at 79 K in
figure 3, showing the resonance at 10.14 GHz. The un-
loaded quality factor of the resonancewas determined
from the Su data using the 3 dB frequencies, resonant
frequency, reflection coefficients on and off resonance
and phase information to account for the coupling coef-
ficient and coupling losses. The details of the technique
are describe elsewhere [12-14]. The unloaded quafity
factors (Qo) were determined as a funaioa of tempera-
ture for samples F and G at 10 GI-Iz. At 77 K they had
unloaded quality factors of 326 and 876 respectively.
Note that although sample F had a higher critical tem-
perature, sample G had better microwave performance.

is probably a result of surface morphology. A
rough film will exhibit more loss than a smooth film
with otherwise identical properties [15]. The surface
of sample F had cloudy spots, which we have corre-
lated with roughness by optical and scanning electron
microscopy on other samples.

The unloaded quality factors of samples F and G
are plotted as a function of temperature in figure 4.
As expected, Qo increases rapidly as the temperature
is decreased below To. However, as the temperature
is further decreasedqo reaches a maximum and then
decreases. This is particularly apparent in sample (3,
which had the higher Q0. This phenomenon was ob-
served when the measurement was performed with ei-
ther increasing or decreasing temperatures. The mea-
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Figure 3. Magnitudeof S. as a bnctton of frequencyfor
the dng resonatorpatternedfrom _m G measured at 79 K
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Figure 4, Unloaded qualityfactors at 10GHz of samples
F (circles)and G (squares)arid the gold resonator
{triangles)from 20 K to roomtemperature.

surements were repeatable. 'Ibis is quite different from
the expected behaviour, such as observed for "YBCO
resonators on LaAIO3 substrates, for which Q0 tends
to levels off but not decrease at low temperature_ This
suggests that the losses in the NdCraO3 substrate in-
crease as the temperature is decreased.

• erify that the decrease in the quality factor is
due to the substrate and not due to the properties of
YBCO on NdGaO3, the reflection coe_cient for a gold
resonator on NdCraO3 was also measured from 20 K to

room temperature. The results of tiffs measurement
are shown in figure 5. The decrease in Qo at low
temperatures was observed here as well. To facilitate
comparison with the superconducting resonators, the
data for the gold resonator below 90 K are also plotted
in figure 4.
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Figure 5. Unloadedqualityfactorat IOGHz of the gold
resonator from 20 K to room temperature.

4. Discussion

To determine the surface resistance of the YBCO films,
the losses in the substrate and to radiation must be ac-

counted for. The loss by radiation is assumed to be neg-
ligible due to shielding of the circuit. The losses in the
dielectric are dearly not negligible, however, especially
at low temperature. We have attempted to extract the
losses in the dielectric from the measurements on the

gold resonator by three techniques. The lint two were
not successful. For the fast technique we calculated the
expected conductor quality factor flom measured oc
values of the resistivity of thin films of gold. For the
second tecimiqne we used conductor quality factors oh-
mined by scaling values measured at 35 GHz, reported
in reference [14], to 10 GHz. The loss tangent of the
dielectric was then calculated from the unloaded quality
factor of the gold resonator using

1 1 1
ta. 6 = q-_ = QoA_ Oo^_ (1)

where tan 6 is the loss tangent, Qd is the dielectric
quality factor and Q0 and Q¢ are the unloaded quality
factor and conductor quality factor respectively. The
loss tangent is actually proportional to 1/Qd but the
constant of proportionality is very near unity in tiffs
case and is assumed to be unity hereafter. Both of
these techniques produced values of tan 6 that implied
greater loss in the dielectric than the total measured
loss for samples F and G, that is Qd < Q0, which is
inconsistant. This is most probably due to the difficulty
in scaling the surface resistance of gold for the frequency
changes since the effects of non-idealities such as surface
muglmess were neglected.

The data shown in figure 4 suggest that near T¢ the
losses are dominated by those in the superconductor
while at low temperatures the losses in the substrate
dominat_ We can take advantage of this to help sepa-
rate the two components of the loss. Young et a/have
reported tan6 = 3 x 10-4 for NdGaO3 at 77K [11]
and 5 GHz. We have used this value as a starting point
in an iterative technique for extracting the tempers-
ture dependence of the loss tangent from the unloaded
quality factors of sanlple G and the gold resonator. The
technique basically consists of the following steps.

(i) Extrapolate the conductor loss at low tempera-
rare from its value at 77 K.

(ii) Estimate the dielectric loss below 70 K, where it
is dominant, from the unloaded quality factor and the
extrapolated oanductor loss.

(iii) Use a curve fit to extrapolate the dielectric lass
above 77 K to To.

(iv) Use the extrapolated dielectric loss to recalcu-
late the conductor loss between 77 K and Tc and use
a curve fit to refine the estimate of the conductor loss
from OK to To.

(v) Use the refined estimate of conductor loss to
redetermine the dielectric loss from 0 K to To.

(vi) Compare the re.suiting dielectric loss tangent
at 77 K to the reported value of 3 x 10 -4, adjust the
initial estimate of conductor loss at 77 K, and repeat
the process.
The extrapolation of conductor loss is based on the
two-fluid model for loss_ in superconductors while the
extrapolation of dielectric loss is based on a fit to an
exponential. A detailed description of the procedure
follows. The values reported in the description are for
the final iteration of the process.

Using a starting estimate of 4.4 x 10 -4 for the loss
tangent (3 × 10-4 tar the first iteration), the conduc-
tor quality factor for sample G at 77 K is found to be
1425 through equation (1). The quality factor of the
superconducting resonator varies little for temperatures
sufficiently below To. ( 77 K it not quite far enough be-
low T_. This accounts for the difference between the
starting estimate of 4.4 × 10 -4 for the final iteration
and the value of 3 x 10-4 with results at the end of the

iteration.) Assuming Q_, the conductor quality factor
of .sample (3, has a value equal to that at 77 K for all
lower temperatures allows determination of a first esti-
mate of the loss tangent of the substrate. It is _own
on a semi-logarithmic plot in figure 6. The loss tangent
was found to fit quite well

tan 6 = Ke -_T (2)

over this temperature range. T is the absolute tempera-
ture and K and "7 are fitting parameters. The results of
the fit were used m extrapolate the loss tangent above
77 K to T,. The conductor quality factor is changing
rapidly above 77 K, where the subtractive approach of
equation (1) assuming O_ constant would be invalid.

The loss tangents calculated from this fit were then
used in equation (1) m extract an estimate of Q,^,
the conductor quality factor of the gold resonator, as
a function of temperature. An estimate of the surface
resistance of the gold films, P_A., was calculated from
QcA. through equation (3) [16, 1"/].

e (2C + D) _ 0)

B = 1- _-_ (4)
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Figure 6, Firstestimateof the losstangentof NdGaOa
from 20K to 70K obtainedby assumingthe conductor
qualityfactor d sampleG is constantbelow77K. The
circlesare the data and the full line Is the exponential111.

' 0.
Z0 is the characteristic impedence of the microstrip,
is the guided wavelength and t is the thickness of the
gold film.

Using equation (I) with the gold resonator and sam-
ple G we can write

1 1 (Q--_A_ I)Q --a= O,^. (s)

Also, for a superconducting microstrip with a gold
ground plane we have

1 A A B' ((C'+ D') R,G + C'R,A.)
--OlcG

QcG w _" 47rZo
(9)

where _¢G is the conductor loss in sample G, R,G iS
the effective surface resistance of the superconductor
in sample G and B', C' and D' are determined from
equations (4) to (7) using the thickness of the super-
conductor in sample G. Combining equations (3), (8)
and (9) yields

= (B(2C+ D)--B'C"_

47rZo _'( 1 1 )-- B' (C' + D') X QoAu Q_G' (lO)

which was used to estimate the effective surface resis-

tance of the superconductor in sample G. The surface
resistance calculated here is an effective value since
corrections for the actual current distribution in the
superconductor are not made [18].

A lit to the effective surface resistance thus deter-
mined was performed using the following equation

P_c = Re + A(T/T¢) 4 / (1-(T/Tel) 3/2

= Re + Af(r). (11)

0.004¸

f?] 0._"

Io 20

tO)

Figure 7. Effectivesurfaceresistanceof sample G
between70 and 85K calculatedusingthe exp(mentlal
from the curvefit d figure6 to accountfor dielectric
losses.The circlesshow the cl_a and.the line is tim fit to
the data using the two fluidmodel. See equation(11) for
the daflnltion of f(r).

The first term, R0, it a residual surface resistance, the
second term is the surface resistance from the two fluid
model [19] and r = T/To The fitting parameters were
Re and A. The effective surface resistances determined
from equation (10) are shown in figure 7. The line shows
the result of the fit. The data points shown correspond
to temperatures from 70 to 85 K, the region in which
the effective surface resistance is rapidly changing and
the losses are dominated by the superconductor. The
effective surface resistances at lower temperatures were
not included to minimize the influence of errors in the
estimation of the dielectric losses. The dielectric losses

are large at low temperatures, and errors there could
dominate the results of the fit. While equation (11)
oversimplifies the temperature dependence of the sur-
face resistance near To, where the pentration depth
and the film thickness are comparable, it does allow an
improvement in the extraction of tan 6 at low temper-
atures. The results of this fit are used to include the
temperature dependence of QeQ below 77 K, which was
previously assumed constant.

Equation (10) was used to recalculate the surface
resistance of gold using P'_G calculated from the fit and
the measured values for Qo^. and OoQ. New values for
the conductor quality factor for the gold resonator were

then calculated using equation 0)- Hnally equation (1)
was used to determine the loss tangent as a function
of temperature. The value at 77K was compared with
3 x 10 -4 and, if needed, an adjustment to the original
estimate of the conductor quality factor of sample 13 at
77 K was made and another iteration was performed.
Hgure 8 shows the loss tangent of NdOaO3 as a function

of temperature after the final iteration. The loss tangent
is seen to increase by more than a factor of five from
77K to 22K.

The effective surface resistance of sample F was
calculated using equation (10). "me effective surface
resistances for both supemonducting resonators and the
surface resistance of the gold resonator are plotted as
a function of temperature in figure 9.
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Figure 9. Effectivesurfaceresistanceat 10GHz as a
functionof temperaturefor superconductingresonators
F (circles)andG (squares)and the gold resonator
(triangles).

5. ConclusIorm

YBa2Cu30__6 thin films were formed on NdGaO3 sub-
strates by laser ablation The best films had critical tem-
peratures greater than 89 K and critical current densities
exceeding 2 x 106 Acm -2 at 77IC Two films were pat-
terned into microstrip ring resonators with gold ground
planes. The better of the two resonators bad an un-
loaded quality factor of 876 at 77 K, which wassix times
larger than that of a gold resonator of identical geom-
etry. The unloaded quality factor increased to 910 at
70 K but then decreased as the temperature was further
lowered. Qualitatively similar temperature dependence
was observed for the gold resonator indicating that the

losses at low temperature were being dominated by di-
electric losses in the substrate.

The temperature dependence of the loss tangent
was extracted firom the measured quafity factors of the
gold and superconducting resonators for temperatures
f_om 22 K to 80 K. The method employed to extract [he

temperature dependence of the loss tangent uses a pre-
viously reported value of 3 x 10-4 at 77K [11]. The loss
tangent was found to increase from 3 x 10-4 at 77K to
1.7 x 10 -3 at 22K. These loss tangents are large com-
pared to those for I._A1CS, particularly at low temper-
atures, and LaAIO3 is a better subswate than NdGaOs
for microwave applications of high-temperature super-
conductors.
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